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Abstract—A distributed kinetic spanningtree algorithm is
proposedfor routing in wirelessmobile ad hoc networks. As-
suminga piecaviselinear motionmodelfor the nodesthe se-
guenceof minimumpower spanningtreesis determinedwhile
minimizingthe numberof routingmessgesrequired.
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I. INTRODUCTION

In a mobile ad hoc network (MANET), it is often nec-
essaryto routedatain sucha way asto minimize power
consumption.For routesto a specificsink node,onecan
constructthe minimum spanningtree[1], wherethe cost
of eachlink is basednthe powerrequired.ln suchatree,
eachnode maintainsin its forwarding databasehe next
nodein thetree. Becausehe nodesaremoving, thereare
timesat which the presentspanningtreeis no longerop-
timal, anda new minimum spanningree shouldbe used.
Thistreeis typically updatecusingadistributedalgorithm
cf. [2], [3], [4], andit is importantthat the nodesbe able

to determinewhento changetheir forwarding databases.

To do so, messagemustbe exchangedamongneighbor

ing nodes.Sincetheenegy costof increaseadcomputation
is muchlessthanthe costof increasednessagdransmis-
sion[5], onewouldlik e to minimizethenumberof routing

messagesxchanged.

We proposea distributed algorithm that adaptstech-
niques from the theory of kinetic minimum spanning
trees[6], [7] to maintainthe correct sequenceof mini-
mum power spanningtrees; additionally the numberof
messagesansmitteds substantiallyeducedtherebypro-
viding more throughputfor the data. In this paper the
power costfor transmissiorbetweentwo nodesvariesas
a squareof the distance althoughthe proposedalgorithm
alsoworksfor othercostfunctions.

9This work wassupportedoy the AdvancedResearctand Develop-
mentActivity (ARDA) undercontractnumber706400.

Il. PROBLEM STATEMENT

Considerthe nodesin a mobile ad hoc network. Over
a relatively short period of time !, one can assumethat
eachsuchnodefollows alineartrajectory Its positionasa
functionof time is describedyy
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wherethe vector (z,0, yx,0) givesthe initial position of
nodek, andthevector(zy, g% ) givesthevelocity.

Therelatve squaed distancebetweerntwo nodes; and
j is givensimply by
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wherea > 0, andmtin{ij(t)} = c— 2 > 0isthemin-
imum squaredistancdn time. Thelatterrelationimplies
thatc > 0.

Definition

The power as a function of time, requiredto transmit
betweennodes: andj, is definedas P;;(t) = Pj(t) =
aDin (t), for someconstanta; without lossof generality
we presentlyassumey = 1. We choosepower asour cost,
sinceby minimizingthis quantitythroughmulti-hoppaths,
onecanpresere batterylife.

The proposeddistributed algorithm bearsresemblance
to the asynchronouslistributed Bellman-Ford (BF) algo-
rithm [1] for computingminimum spanningtrees. With
eachiteration, the BF algorithm reducesthe cost of the
minimum multi-hop route from node: to the sink node
through other nodesthat comprisethis route. At a sin-
gle time instant,the proposedalgorithmlikewise reduces
the costsof the minimum multi-hop routesfor all time for
which thefixedtrajectoriesarevalid. Wheneer ary node
changesrajectory it simplyinformsits neighborsthereby
startinga new cycle of thealgorithm.

DISTRIBUTED SPANNING TREE ALGORITHM

!The time requiredto transmita datapaclet is ordersof magnitude
shorterthanthetime the nodeis maving alongafixedtrajectory



Fig. 1. New andcurrentpower costsin thepruningstepatnode
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We assumethat the time stepsin the distributed algo-
rithm are synchronous.The unit of time is that required
to transmita datapaclet from a nodeto ary othernode.
Pleasenote that the actualmessagexchangesare asyn-
chronousin the sensethat ary node cantransmitat ary
time (in thelargertime scale).Moreover, eachnodeneed
nottransmitatary giventime step.

Initialization

1. Eachnodei in the network computesP;s(t) and
retainsthis current minimumcostin its forwarding
database.

We assumehateachnodecantransmitto andreceve

from all the othernodesthatarein its rangeasdeter

mined by the RF transmitterpower of a transmitting
nodeandthesensitvity of thereceveratthereceving

node.If S is notin rangethenP;s(t) = oo.

2. Node ¢ computesand distributesthe new first time
costPj;s(t) = Pji(t) + Pis(t), from node; routing
throughi tothesink .S, j # 4, S (i.e. toits neighboring
nodesn the network).

Iteration Step

1. At a given time step, node j receves
new costsP; (15(t), Pjiy[1s(t)s -+ + 5 Pjinp1s(t), from
nodesiy, ig, - - - , 4, Which computedhemat the pre-
vious iteration; [ | denotesthe orderednodeson a
multi-hoproutebetweeri; andS.

2. Pruningstep:Thenew costsandthecurrentcosts(i.e.
thosein the forwardingdatabas®f j from the previ-
ous steps)are comparedamongsteachother Only
those (minimum) coststhat contrikute to the mini-
mum routesof the nodein time are retainedin the
forwardingdatabase.

Figurel visualizesboththe new andcurrentcompet-

ing power costsin the pruning stepat nodej. The
union of new and current costs appearsas the six
parabolicfunctionsin time. However, only threeof
them, namely P;; 115(t), Pji,[1s(t), and Pj;,115(t),
contrikute to the minimum costin time of node j.
As a result, this is indicated by the shadedarea.
Pjins(t), Pjispys(t), and Py;,r15(t) form the for-
warding databasdor node; at this iteration as fol-
lows: nodej forwardsto nodei; for 0 < ¢ < ¢4, to
nodei, for t;1 < t < t9, to nodeis for t5 < ¢ < 3,
andto nodei, for t3 < ¢.

3. For only the new minimum costs,we computeand
distribute the costs,Py(15(t) = Py;(t) + Pjj1s(t), to
nodek, k # 7,[], S. Notethatthecostsfrom previous
stepsverealreadytransmittedn thosestepsandneed
not beretransmitted.

The distributed algorithm ceasesvhen no nev mini-
mum power costsarise at a given iteration, and so no
paclets needbe further transmitted. At this stage,the
forwardingdatabasef eachnodeindicatesthe minimum
costnext-hopfor timesfor which thefixedtrajectoriesare
valid.

We note that the numberof routing paclets decreases
exponentiallywith eachiterationstep,bothbecaus@anode
cannotretransmito nodesalreadyonits routeto thesink,
and becausehe majority of costswill not becomemini-
mumecostsafterthepruningstep.In fact,theproposedlis-
tributedalgorithmcarrieshesamecomplity andnumber
of transmissiong@sthe BF algorithmfor minimum span-
ning trees;however, the proposedilgorithmrequiresmore
computatiorat eachnodeperiteration.

A. EfficientDistributed Algorithm

As notedabove, the basicalgorithmis quite similar to
the distributed Bellman-Fford algorithm, exceptthat a, b,
andc of Pj;j5(t) areexchangedrom nodei to nodegy; in
the BF algorithm,rathercostis exchangedcorresponding
to the costat a singletime instance We have alsodevised
anefficientdistributedalgorithmthatsubstantiallyeduces
the computationat eachnode. Theimprovementis based
on the theory of kinetic minimum spanningtrees|[6], [7]
with linear costs,W;;(t), betweertwo nodes,asopposed
to our paraboliccostsP;; ().

V. EXAMPLE NETWORK

Figure 2 shavs the minimum spanningtreesroutedat
node S for a simple five node network at two distinct
times; the solid arrows indicatedt = 0, andthe dashed
arravs indicatet = 8.378. Tablel shaws the trajectories
for eachnode. We assumehatthesetrajectoriesarevalid



Fig. 2. Examplenetwork att = 0, andt = 8.37.

for tensecondsAt time ¢t = 0, node A transmitsdirectly
to the source.Node A is moving slowly to the left, while
node B is moving morequickly down andto the left. So
attime¢ = 1.252, it is moreefficient for nodeA to route
throughnode B, asshowvn in Tablell. Similarly, at time
t = 2.193, nodeD beyinsto routethroughnodeC.

Only two iterationsare requirefor our distributed al-
gorithmto cornverge, therebyproviding all the nodeswith
the a, b, and ¢ coeficients requiredto calculatethe se-
qguenceof eight minimum spanningtreesfor the time in-
tenal 0 < t < 10 secondsWhile thedistributedBellman-
Ford algorithmalsocorvergesin two iterations,it givesa
minimum spanningreefor a singletime instant.Onecan
run multiple cyclesof the BF algorithmin orderto obtain
the sequenceof minimum spanningtrees; yet, sincethe
timeswherethe minimum spanningtree changesare not
known a priori, the BF algorithmwould have to be run

atavery high frequeng to closelymaintainthe sequence.

Specificallythe BF algorithmwould needto berunateach
time unit thatcorrespondso the greatestommondivisor
of thetransitiontimes.

Node | Trajectory
S (0,0)
A | (-1-0.1t1)
B | (—0.4t,1.5—0.2t)
C | (2—0.5t,1+0.2t)
D (0,2 +0.3t)
TABLE |

NODE TRAJECTORIES.

t Change
1.252| A—»B
2193/ D—>C
3.754| A—S
4.085| B—A
5.692| C— A
8.378| D~ A
8452 D—S

TABLE Il
CHANGES IN THE MINIMUM SPANNING TREE.

V. COMMENTS AND CURRENT WORK

While the amountof computationis increasecdat each
node,thenumberof transmission onecycle of thepro-
posedalgorithmis the sameasin the distributedBellman-
Ford algorithm. However, the proposedalgorithm need
notbeupdatedcontinuouslysoit substantiallyreduceghe
total numberof routing messagestherefore,more band-
width is left for datamessageandthetotal powerrequired
to sendthe routing messagess reduced. Moreover, by
usingthe sequencef minimum power spanningreesfor
datamessageghe batterylife is evenfurtherincreased.

In thefinal papey we shall presenthe detailsof the ki-
netic spanningtreesapproacho computingthe sequence
of minimum spanningtreesgiven the dataexchangedn
the distributed algorithm. Additionally, we shall provide
extensve simulationresultsfor muchlargernetworks, fur-
therquantifyingtheperformancéncreasescchieredby the
algorithm.
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